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Spraying is a widely used method to produce a liquid sheet that break up into droplets of
a certain size distribution. When spraying simple liquids, it is known which experimental
parameters determine the droplet size distribution. For many applications however, sur-
factants are added, producing a hitherto unknown effect on the droplet size distribution.
Using two generic types of spraying nozzles, we sprayed solutions of different types of
aqueous surfactants and measured the droplet size distribution of the sprays. We find
that the breakup of surfactant solutions is similar to that of pure water but results in
droplets that are on average smaller. The resulting droplet size distribution can be well
described using the predictions for simple liquids provided that we replace the parameter
of the equilibrium surface tension with the dynamic surface tension of the surfactant
solution at a surface age of 20 ms, which is the characteristic time for destabilization and
breakup of a liquid sheet. By rescaling them with the mean droplet size, the droplet size
distributions of water and sprays with different concentrations of surfactants all collapse
onto a single curve and can be well described using the compound Gamma function found
previously for pure liquids.
Key words: Authors should not enter keywords on the manuscript, as these must
be chosen by the author during the online submission process and will then be added
during the typesetting process (see http://journals.cambridge.org/data/relatedlink/jfm-
keywords.pdf for the full list)
1. Introduction
Applying a liquid by means of spraying is an ubiquitous process in many practical
applications. For many such applications it is important to precisely control the size of the
droplets that are sprayed. For instance, in agriculture, crops are sprayed with pesticides
and the efficacy of the treatment depends on the droplet size (Hislop 1987); drops should
be small enough to achieve a good deposition and coverage (Lake 1977), but large
enough to prevent environmental pollution due to airborne spray drift (Reichenberger
et al. 2007; Stainier et al. 2006; Matthews 2008). In inkjet printing, there is a relation
between the size of an ink drop and the dot after spreading and drying (Heilmann &
Lindqvist 2000). In spray painting, the drop size is important for transfer efficiency
and uniformity and quality of the sprayed coating (Hicks & Senser 1995). The width of
the drop size distribution is a very important parameter in the use of pharmaceutical
and medicinal sprays; droplets smaller than 3µm are ejected from the body during
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exhalation while droplets larger than 10 µm are trapped in the respiratory system
(Babinsky & Sojka 2002). Droplet size control is also important for de-icing, firefighting,
fuel injection, etc. (Lefebvre & McDonell 2017; Bayvel 2019). For all these applications,
a good understanding of what determines the drop size is important, allowing to control
the droplet size and in this way increase the efficiency of the spraying process.
A recent paper of Kooij et al. (2018) describes how we can predict and therefore
influence the droplet size of sprays produced by means of much-used flat fan and hollow
cone nozzles. They found that for simple fluids the droplet size depends on the nozzle
geometry, flow rate and surface tension of the liquid. A decrease in surface tension causes
a decrease in droplet size: it becomes easier to make smaller droplets (Kooij et al. 2018;
Ellis et al. 2001).
In practice, the surface tension of many types of sprays is modified by the presence
of surfactants such as wetting agents, which are meant to enhance droplet spreading
and sticking on target surfaces, as well as penetration into leaves and barriers for active
ingredient uptake. There is a wide range of observations reported in the literature as to
the effect of surfactants on the process of spraying. For example, it has been reported
that surfactants can change the spray dynamics (Stock & Briggs 2000). When aqueous
surfactant solutions are sprayed, the surface tension of the droplets is not at equilibrium,
changing as surfactants migrate to the surface; this dynamic surface tension (Christanti
& Walker 2001) has been reported to decrease, resulting in an increasing fraction of small
droplets and a corresponding decrease in mean droplet size (Dombrowski & Fraser 1954;
Miller & Ellis 2000). Other authors stated that, because of their relatively slow dynamics,
surfactants do not influence the droplet size distribution (Kooij et al. 2018). Ellis & Tuck
(1999) found that the effect on droplet size are not the same for different nozzles and
surfactants. Other papers stated that surfactants can increase the mean droplet size and
even suppress small droplets (Oliveira et al. 2013; Al Heidary et al. 2014). A complete
understanding of the influence of surfactants on sprays is clearly still lacking.
This paper describes how aqueous surfactant solutions affect the droplet size distri-
bution of sprays. To be able to compare with the previous results by Kooij et al., we
used the same flat fan and conical nozzles at various pressures to spray different types
of surfactants and measured the droplet size distribution using laser diffraction.
2. Droplet formation
The formation of droplets from sprays (Villermaux 2007) or jets (Villermaux et al.
2004) results from the breakup of thread-like liquid structures called ligaments. For the
nozzles considered here, waves on the surface of a liquid sheet, produced by friction with
the surrounding air, constitute the main breakup mechanism (Squire 1953). These waves
grow in amplitude, causing thickness modulations of the sheet to the point of rupture.
This creates sheet fragments of a well-defined size, the so-called Squire wavelength,
which can be observed in Fig. 1. These fragments contract to form ligaments due to
the Rayleigh-Taylor instability, which is the internal instability of the sheet accelerated
perpendicular to its own plane (Sharp 1983). The local diameters of the ligaments
decrease until they break up into droplets; this happens because of the Rayleigh-Plateau
instability that is due to the surface tension (Plateau 1873; Strutt & Rayleigh 1878).
The nozzles we use here operate in the regime where the Squire instability occurs, we
have two relevant dimensionless parameters:
α = ρair/ρliquid and We = ρliquidv
2b/σ, (2.1)
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Figure 1. Picture of water sprayed with a flat fan nozzle at an operating pressure of 3.0 bar.
The sheet ruptures into ligaments which subsequently breaks up in droplets near the bottom of
the picture.
where, α is the density ratio, We the Weber number, ρair and ρliquid are the densities
of air and the liquid, respectively, σ the surface tension, v the liquid velocity and b the
characteristic length of the flat fan nozzle, i.e. the minor axis of the elliptical opening,
derived from the hydraulic area as described by Kooij et al. (2018).
Using mass conservation and the fact that the median droplet size is proportional to
the diameter of the ligaments, Kooij et al. (2018) derived that the final drop size for
sprays can be determined from the fluid inertia and the surface tension, or the Weber
number and the geometry of the nozzle:
D50 = Cbα
−1/6We−1/3, (2.2)
where D50 is the volume median diameter and C is a constant of order unity. Equation
2.2 then allows to predict the average drop size from the spraying parameters at least
for pure fluids (Kooij et al. 2018).
3. Experimental setup
We study the breakup of aqueous surfactant-containing sprays for a flat and conical
liquid sheet. A flat fan nozzle creates a flat liquid sheet that breaks up into droplets, as
can be seen in Fig. 1. A conical nozzle on the other hand, gives a sheet that is cone-
shaped. Both nozzles have a round or oval inlet opening where the fluid is forced through
whereafter the sheet is formed. We determined droplet size distributions using laser
diffraction (Malvern Spraytec). When a laser beam hits a droplet, part of the luminous
energy will be reflected, another part of the energy will be diffracted and the last part
will be absorbed. The diffraction angle is inversely proportional to the size of the droplet,
so the light diffraction pattern allows us, assuming a spherical shape of the droplets, to
obtain the droplet size distribution (Swithenbank et al. 1976; Dayal et al. 2004). The
laser beam is placed 40 cm below the nozzle, where, for all nozzles, pressures and fluid
parameters, no further breakup occurs and the drops are to a very good approximately
spherical.
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Figure 2. a) Surface tension for Tween 20, CTAB and AOT as a function of time and b) the
equilibrium surface tension as a function of AOT concentration.
Surfactant Surfactant type CMC (mM) σequilibrium
Tween 20 Non-ionic 0.05 (Mittal 1972) 34.3 mN/m
CTAB Positively charged 1.0 (Neugebauer 1990) 37.0 mN/m
AOT Negatively charged 2.5 (Bergeron et al. 1996) 25.8 mN/m
Table 1. Main characteristics of the surfactants used in the sprays
Nozzle Area (m2) Discharge coefficient
Teejet XR 110-02 5.2 x 10-7 0.94
Teejet XR 110-03 8.3 x 10-7 0.94
Teejet XR 110-04 1.1 x 10-6 0.91
Albuz API 110-03 8.8 x 10-7 0.85
Albuz ATR 80 (cone) 1.1 x 10-6 0.34
Table 2. The used nozzles with the opening area of the nozzle and the discharge coefficient,
which account for losses in the flow rate
Three widely used types of surfactants are selected; a non-ionic (Tween 20), a positively
charged (CTAB) and a negatively charged (AOT) surfactant, see Table 1. Each has
a different equilibrium surface tension (σequilibrium) as determined by a Kru¨ss Force
Tensiometer K100 using the Wilhelmy plate method, see Fig. 2a, and a different critical
micelle concentration (CMC), see Table 1 . Fig. 2b shows the dependence of equilibrium
surface tension on the surfactant concentration, in this case of AOT, which is in good
agreement with earlier measurements on the same system of Bergeron et al. (1996).
The aqueous surfactant mixtures are subsequently sprayed at pressures between 1 and
5 bar. We selected similar agricultural nozzles as used by Kooij et al. (2018). In Table 2
we list their opening area and discharge coefficient, which is a parameter accounting for
losses in the flow rate. The low discharge coefficient of the conical nozzle is due to the
complex flow in the outlet.
How surfactants influence the drop size in sprays 5
Figure 3. High-speed photos of a) water and b) AOT at CMC in water sprays as produced by
a Teejet XR 11003 VK nozzle at 2.0 bar. The flapping and breakup process are clearly visible
in both cases
4. Breakup process
Using high-speed photography, we visualized the sheet breakup. Fig. 3 shows a sheet
of water (a) and water-surfactant mixture (AOT at CMC) (b), sprayed using the Teejet
XR 11003 VK flat fan nozzle at 2.0 bar. It can be seen that the breakup process is
qualitatively similar for both liquids. First, the sheet enters the flapping mode, which
results in the formation of ligaments that subsequently break up into droplets near the
bottom of the pictures.
5. Droplet size distribution and mean drop size
To investigate the influence of equilibrium surface tension, we sprayed different con-
centrations of water-ethanol and water-AOT mixtures, using the Teejet XR 11002 flat
fan nozzle at an operating pressure of 3 bar. The water-ethanol mixtures allow to vary
the equilibrium surface tension; for the water-AOT mixtures dynamics surface tension
effects will become important too. Fig. 4a shows that for the water-ethanol mixtures,
the droplet size distribution changes with surface tension; distributions differ for larger
droplet sizes. For water-AOT mixtures (Fig. 4b), all distributions of different surfactant
concentrations collapse and the different equilibrium surface tensions: the presence of
AOT does not influence the droplet size distribution.
Determining the volume median diameter, D50 , is the most common way to charac-
terize the droplet size distribution in sprays. For simple water sprays and water-ethanol
sprays with lower surface tension, all data have been reported to follow Eq. 2.2 with
C = 1.95 found by Kooij et al. (2018). Fig. 5 shows a similar, but extended graph with
nozzles that give a coarser or finer spray than used by Kooij et al..
If we plot the median drop size of the aqueous surfactant solutions against Eq. 2.2 in the
same way as we did for simple water and water-ethanol mixtures, using the surfactants
equilibrium surface tension σ, we obtain the results shown in Fig. 6. All data are parallel
to equation 2.2 with C = 1.95, but are shifted to the left, and any line through the data
will not go through the origin. Since b and α are constants, this suggest that the Weber
number is overestimated for all solutions. This can be explained because the equilibrium
tension is used.
Fig. 6 clearly shows that the addition of surfactants results in a shift of experimental
D50 values with respect to the reference water/water-ethanol data from Fig. 5. As the
Weber number is the only variable, this implies that the Weber number itself needs
to decrease due to the surfactant. The density, ρliquid, and velocity, v, of the sprayed
liquid are constant, as is the characteristic length b. The parameter left is the surface
tension σ, which was taken as the equilibrium surface tension. When spraying, the fluid
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Figure 4. The normalized droplet size distribution for a) water-ethanol and b) water-AOT
mixtures. In the case of ethanol, there is a deviation for large droplet sizes. In the case of AOT,
all distributions collapse onto a single curve
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Figure 5. The median drop size, D50, plotted with Eq. 2.2 for water and water-ethanol mixtures
with different flat and conical nozzles and various pressures. The red dotted line is a fit to the
data with slope C = 1.95
experiences high deformation rate flows while new surface is created rapidly during
droplet breakup (Christanti & Walker 2001). Immediately after new surface is produced,
the liquid will have the same surface tension as water. Then surfactant molecules move to
the newly created surface area, decreasing the surface tension. When the surface is filled
with molecules, the surface tension reaches the equilibrium value. To quantify this time-
dependence, we measured the dynamic surface tension using a Kru¨ss Bubble Pressure
Tensiometer BP50. It provides the dynamic surface tension at surface ages of 15-16000
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Figure 6. The median droplet size, D50, plotted against Eq. 2.2 with the equilibrium surface
tension for surfactants Tween 20 (a), CTAB (b) and AOT (c) at different concentrations, for
all nozzles and various pressures between 1 to 5 bar. The dotted red line is the fit of Fig. 5 with
C = 1.95
ms using the Young-Laplace equation. The data, shown in Fig. 7, are subsequently fitted
with the equation of Hua & Rosen (1988):
σ(t) = σ∞ +
σ0 − σ∞
1 +
(
t
τ
)n , (5.1)
where, σ∞ is the equilibrium surface tension, σ0 the surface tension of water (72
mN/m), τ the characteristic time and n ≈ 1 for surfactants (Aytouna et al. 2010).
Hewitt et al. (2002) suggested a timescale of 20 ms as a reasonable estimate of the time
of sheet breakup, meaning we should adopt the dynamic surface tension at a surface age
of 20 ms in analyzing our previous results. Detailed experiments by Battal et al. (2003)
on surfactant adsorption on jets measured the dynamic surface tension as a function of
the downstream distance; the characteristic time for a significant decrease of the surface
tension due to surfactant adsorption from these measurements is ∼15ms, very similar to
the 20 ms of Hewitt et al. (2002).
Fig. 7 shows that the surface tension decreases with surface aging time, meaning
that the Weber number will increase and that the dynamic surface tension at 20 ms
is significantly larger than the equilibrium value. Fig. 8 shows the median drop size of
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Figure 7. The surface tension over time for various concentrations of Tween 20 (a), CTAB
(b) and AOT (c). Solid lines are fits to Eq. 5.1 with the parameters listed in the legends. The
vertical dashed line marks 20 ms, the characteristic time corresponding to sheet breakup
the surfactant solutions when using the dynamic surface tension at 20 ms. It can be seen
that now all data are well described by Eq. 2.2 using the same parameter as determined
for water (C = 1.95).
6. Shape of the droplet size distributions
Villermaux (2007) has shown that the Gamma distribution best describes the breakup
of sprays. With the breakup of a sheet, ligaments of different diameters are formed,
which are also corrugated; to account for these two different parameters the distribution
can best be described by the two-parameter compound Gamma function (Villermaux &
Bossa 2011):
Pm,n
(
x =
d
〈d〉
)
=
2(mn)
m+n
2 x
m+n
2 −1
Γ (m)Γ (n)
Km−n
(
2
√
mnx
)
, (6.1)
with K the modified Bessel function of the second kind and d (〈d〉) the (mean) droplet
size. The parameter m sets the order of the ligament size distribution and n the ligament
corrugation. When rescaling the distribution by the mean droplet size, the data of
different concentrations of the different surfactant collapse onto a single curve, as can be
seen in Fig. 9. The black line is the best fit of the compound Gamma function and the
dotted blue line of the log-normal distribution. It can be seen that the surfactants do
not significantly change the shape of the droplet size distribution. For the flat fan nozzle,
the ligaments are very corrugated (n = 6) and of a broad range of sizes (m = 6). The
conical nozzle produces similarly corrugated ligaments (n = 5) but of very similar size
(m = 100).
7. Conclusion
When spraying simple water and water-ethanol mixtures, it is possible to use the
equation of Kooij et al. (2018), Eq. 2.2, to predict the mean droplet size of the spray
based on the equilibrium surface tension. However, for sprays of aqueous solutions of
surfactants, this procedure results in a shift of the data compared to the prediction. This
shift can be explained by the fact that the relevant surface tension is not the equilibrium
surface tension. When spraying, the fluid experiences high deformation rate flows with
which new surface is created. The dynamic surface tension tells us that directly after
new surface is formed the surface tension is that of water, decreasing over time until
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Figure 8. The median droplet size, D50, plotted against Eq. 2.2 for surfactants Tween 20, for
σdst,1xCMC = 72 mN/m, σdst,5xCMC = 70 mN/m and σdst,10xCMC = 60 mN/m (a), CTAB ,
for σdst,1xCMC = 68 mN/m, σdst,5xCMC = 60 mN/m and σdst,10xCMC = 58 mN/m (b) and
AOT , for σdst,1xCMC = 44 mN/m, σdst,5xCMC = 38 mN/m and σdst,10xCMC = 37 mN/m (c)
at different concentrations, for all nozzles and various pressures between 1 to 5 bar. The Weber
number was calculated using the dynamic surface tension at 20 ms. The dotted red line is the
fit of Fig. 5 with C = 1.95
the equilibrium value has been reached. Replacing the equilibrium surface tension in Eq.
2.2 with the dynamic surface tension at a characteristic time scale associated with sheet
breakup estimated at ∼20 ms, we find that all data collapse onto a single curve following
Eq. 2.2 with C = 1.95.
By considering the droplet size distribution as a function of droplet size divided by
the mean droplet size, we also show that the shape of the droplet size distribution
is not changed significantly by the presence of surfactants. The rescaled droplet size
distributions of water and sprays with different concentration of surfactants all collapse
onto each other and can be well described using a compound Gamma function. Finally,
high-speed photography shows that the breakup of surfactant sprays is qualitatively
similar to that of simple water sprays. We conclude that surfactants only influence the
droplet size distribution of sprays to the extent that it causes a small decrease of the
mean droplet size.
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Figure 9. The normalized droplet size distribution rescaled with the mean droplet size for
different concentrations of AOT in water, for the flat Teejet XR 11003 (left) and conical Albuz
ATR 80 (right) nozzles at a pressure of 3 bar. The data collapsing onto a single curve in both
cases suggests that surfactants do not change the overall shape of the droplet size distribution.
The black lines are fits using the compound Gamma function (Eq. 6.1), the blue lines to the
log-normal distribution function
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